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TCRSIONAL ELASTIC PROPERTIES OF 18:8 CHROMIUM—NICKEL STEEL T
AS AFFECTED BY PLASTIC DEFORHATION AND BY HEAT TREATHENT -

By R, W. Mebs gnd D. J. McAdanm, Jr,

SUMMARY : - S T’*l‘é?ﬁ

L study was made of the relationship between torsional
stress, strain, gnd permanent set for 18:8 chromium—-nickel -
steel in the annealed, half-hard, and hard conditions. The
influence of plastic extension, plastic torsion, and an- | © :
nealing temperature umnon the torsional elastic properties D
is discussed. A comparison is made of these results with _ _ .
those obtained in the study of the tensile eIastic proper—
ties. .

A torsion meter of high sensitivity, ésgecially de—
signed and constructed for the present 1nves£1°at10n is
described. Tubular spacimens having the optimum ratio of .
wall thickness to diameter were tested. The relationships
between mean stress and torque and between mdan strain and
angle of twist are given by equations deriveq with certgin
simple basic assumptlons - ) E--- S

The influence of either prior extension:ior 'prior tor-— s
sion upon -the shear proof stress and the shegr modulus of = =~ 70
rlasticity at zero stress is found ¥o be quite similar to __,
the influence of prior extension on the tensile proof sfress "
and the .tensile modulus. of elaskicity at zerq stress. The ___  ~
influence of prior torsion on the linear strgss coefficient _ '
of the .shear. modulus 'is somewhat similar to fhe influentce <
of prior extension on the linear stress coefficient of the
tensile modulus. The influence of prior defdrmation on the
corresponding quadratic sftress coefflcients 1f the respec—_:_;-_-“
tive modull, however, is d1551mllar i Lo T P

The torsional and tensile elastic propefﬁies are in-— -
fluenced in a similar manner by change in anqealing tem—
perature, i

The factors -involved in the variation of the torsional .
elastic properties with prior extension, pri¢r torsion, and
annealing temperafure are shown to be (a) internal stress l"..~5f'T
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which may be either macroscopic or microstructural; (b)
work-hardening or lattice expansion, and (c) crystal —
reorientation. : -:’

. INTRODUGTION -

During the past seven years, the National Bureau
of Standards has been studying properties of high—-strength e mim
aircraft metals, a project sponsored by the National
Advisory Committee for Aeronautics. The previous reports
of this investigation (references 1, 2, and 3} discussed
the tensile elastic properbties of metals with particular
reference to their elastic strength and modulus of elas— =
ticity. A vpaper by the same authors (reference 4) de-
scribes the results of—an investigation, not sponsored by
the NACA, of—the tensile elastic properties of some metals
not included in the NACA reports. =

Because the boundary between elastic and inelastic
gtrain is indefinite, it wae found necessary to svaluate——
the elastic strength in terms of & number of indices,
termed Y"proof stresses.! These are the stresses necessary
- t© caunse pérmanent extensions of 0.001, 0.003, 0.01, 0.03,and »

.1 percent. The tensiled stress—strain line for many
metals is curved.; hence the tenslle modulus of elasticity
cannot be expressed by a single numerical value dbut only
in terms of several indices, The indlces used in the pre-—
vious reports are the modulus of elasticity at zero stress
%9 and the linear and the quadratic stress coefficients
of the modulus 6,5 and C'. When these various indices
are known, the tensile elastlic properties of metals are ..
falrly well defined. In earlier investigations studies e
were made of the effect of plastic def ormation and heat
treatment upon the tenslle elastic properties at both room
temperature (references 1 and 2) and sud=zero ‘temperature
(reference B) . S .

In many structures .and machines, forces that set up
large shearing stresses in drive.shafts-4and other connect— o
ing members are transmitted as tvrques. A knowledge of o
the reaction of metale t6 pPure shearing forces therefore )
is desiradble. The phase of the investigatioch now in prog—
ress deals with the shear elastic propertlies of different
high—strength aircraft metals based on tests of thin tubu-
lar specimens subgectﬁd to toraional 1oad1ng producing
shear. o g .




The initial torsional properties are found in-table III
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The present report discusses the results of torsion
tests of steels of the 18-percent chromium and 8-percent
nickel type widely used-to fabricate high—strength members
for aireraft structures. - The properties considered are
shear proof stress, shear modulus of elasticity and its
stress coefficients, and the variation of these indices ~
with plastic extension, plastic torsion, and heat treat—
ment, - The fundamental factors underlying the resulfs also
are discussed, Throughout this paper, the teérms f"torsion®

and "shegr" will be used synonymously,

MATERIALS AND APPARATUS

Materials and Specimens

The 18:8 chromium—nickel steel tubing was supplied in
three grades of hardness — annealed, -half-hard, -and hard,.
The compositions of these metals are given 'in table I, The
thermal. and cold-working treatments applied in . the labora—_;
tory on some of .these specimens are indicated - 1n table II,

nll the metal tubas ‘were of l—in¢h outside diameter
end 0O0,l-inch- walL-thiqkness, nominal size, Specimens were
cut -from these '‘tubes into Xengths of about 15 inches and
the ends were squared in a lathe, The specimens then were
cleaned thoroughly, after which the length, the dlameter,
and the weight of each was accurately determined. From
these data and from density values messured on small sam—
ples of the same material, the average wall thickness of
each specimen was computed, .

Apparatus

The machine used for the torsilon tests was- - of the
manually operated pendulum type having a capacity of )
13,000 inch-pounds. The mounting of the specimen and tor—
sion meter for measuring strain is shown in figure 1, The
ends of the tubes were reinforced by two steel plugs of
proper diameter and the tubes then were clamped firmly be-
tween wedge—shape jaws,

A torsion meter @f high sensitivity, especially de-
signed and constructed for measuring strain in this inves—
tigation, is shown in detail jin figure 2, It consists of
two similar rings A and A' (ring A&' is not visidle)
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spaced 2% inches on centers, each-fastened to specimen §
by three setscrews B and B!'. To ring 4A' 1is rigidly
attached a hollow metal cylinder . C, which extends over
ring A3 there is -a.slight. clearance between cylinder C
and ring . A, - To cylinder. C. are attmcthed two ordinary
glass prisms D - gnd D' and to ring A two glass voof
prisms E . and E';y one set of adjacent. ordinary and roof
prisms D .and E is diametrically opposite to set D!
and %' with respect to specilmen S. ~ Affter proper ad-—
jJustment of the position of each set of prisms, the rala—
tive angular. motion of rings A and A' was measured by
Tuckerman optical collimator (reference ﬁ) The readings
from both sets of prisms. were averaged to eliminate the
angunlar displacement due t¢ any slight bending of the tu—
bular specimen that may accompany appreciable plastic
straining.

In order that the gage length gver which angular
twist was to be measured could be set accurafely, cylin—
der C "was held rigidly to ring A by three screws (net
shown).at position F while the torsion meter was being
ettached to the tubular specimen. These screws were re—
moved before the test.- Although readings could be taken
only over a shear—strain range of less than 1 percent dur-—
ing a single setting of the tursion meter, 1t was posseible
by resetting tle metear, with the aid df the three place-—
ment screws at - -F,. to extend 1ndef1nitely the range over
which strains could be measured

The-smaliest division on the collimator gcale repre—
sents a relative angular motlon'of the two rings of 0.0002
radian, which -corresponds to a change in strain of less
than 0.004 percent, By means of a verpler_on the collima—
tor scale, changes in strain could be measured directly
to less than 0,0002 percent,

MEASUREMENT OF STRESS, STRAIN, AND PERMANENT SET IN TORSION

" Method of Test

In order to investigate the relationship between
stress, strain, and permanent get=for a metal undergoing
shear, a torsional stregs—set curve and a correlated tor—

sion stress—strain:curve were determined. PFor this purpose,

the specimen was: lcaded and unlocaded ‘eyclically in torsion
to progressively greater values of taorque until a plastic
shear strain or torsion set .of. dbout -0.1 percent had been
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reached. - -The mlnimum value of.btorque (unloaded state) in
each eycle was 180 inch—pounds. By plotting the maximum
shear ‘stress for .each cycle .against the corresponding
total shear strain, a torsional stress—strain curve was
"obtained: - By .plotting the.maximum shear stress for each
cycle agalnst the correspondlng value of total plastic
shear obtained after .reducing the korque to 180 inch—
pounds, a torsional stress—-set curve was obtained. This
procedure is analogous to that used-in the investigation
of the tensile elastic properties of metals (references 1
to 4). . . . ]
In obtaining such correlated curves, it was important
to adhere to & carefully predetermined time schedule. For
a series of cycles, the rates of loading and unloading
were about the same for each cycle. The maximum and mini—
mum loads for all eycles were each maintained for a period
of 2 minutes. Torslon—meter readings were obtained at the
beginning of the series of cycles and at’ the end of each
2-minute holding period. T
The total torsional set or total plastic shear at the
end of any cyecle (180-in.—1b load). was computed from the
difference between the meter reading at the end of such
cycle and the reading 'at .the beginning of the series of
loading cycles. The torsional set or plastic shear 6b—
tained during a ‘single wcycle.is .equivalent to the differ—
ence between the positive and the negative torsional c creep
occurring during "the oycle.- Posltlve creep will oceur :
wvhile approaching and malntalning the upper load; negative""_
¢reep will occur while approaching and . malntaining the o
lower load. The total strain for any load was computed
from the diffexence between the torsion—meter reading at
that load and the readlng -at the heginnlng of the series
of cycles. - . : .

In order to investigate the influencge of prior'plastie
torsion on the torsional stréss—set and stress—deviation _
curves, after the determination of the initial curves, some
specimens were twisted plasticadly by numerous succéssive
increments of plastic shear until definite signs of buckling
of the tube were noted. Correlated torsional stress—strain
and stress—set curves were-ocbtained after each increment ,
of plastic shéar. Some of these increments were equivalent
only to the plastic shear obtained in thé teste upon which
the previous stressiset curve was based} others were much
larger. Between these increments of plastic shear, the o
specimen was allowed to rest after unloading befcre deter—
m1n1ng the subsequent stress—-set and stress strain curves,
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The duratlion of such a "rest interval® has a pronounced
influence upon the form of .the stress—set and stress—
deviation curves derived from subsequent measurements.

Certain.changes will occur 'in the test specimen dur—
ing the rest interval, as evidenced by negative shear
creep -during this period. This creep is analogous -to the
negative .creep in tension occurring during rest between
qucceselve tensile loadings of—a specimen.

'“The.pridf plastic torsion for any one series of cycles
will be defined as the difference in shear strain , as
obtained at the . 180—inch—pound load, at the beginning of
that series and.at the beginning of the firgt series. .
Since the torsion meter was resst after each series .of
cycles, the prior plastic torsion actually was measured as
the.sum of the total torsion sets given the specimen prior
to that series.,. The terms "prior plastic torsion," "plas—
tic torsion," and “prior torSLon" ars used synonymously in
this report.

Calcuiafion of Stress and Strain Values
and Presentation of Results

Since the, tubing. selected for test Was of apprnc1able
thickness in order to permit large amounta of plastic shear
w1thout buckling, the shear stress and therefore tha shear .
strain increased somewhat“from the inner to the outer por-— ,
tions of the wall.’ T, _ ) -

An exact determination of ‘the shear stress at any ra~—
diuve is possible (reference 6), but—complicated, since the
distribution of stress along a radius is dependent upon
the form of the shear stress—strain curve. of the metal
The shear strain or torsion set Y. at radius r is glven
by the relation. ' -

v = 2 ST A1)

where 8  1is the angle of twist ‘produced 'in gage length .

Methods “of approximation, based on some simplifying .

assumptions, generally are used 'to :deteriiine the shear
stress and strain. In this report, ‘the methcd chosen
(reference 6) was based on the calculation of the stress t

and strain in the mean fiber on the 'assumption that both
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stresses and .strains increase. linearly With the distance
from the axis of the tube, as they do in the elastic case.
The following notation is used:

M ' applied torque, inch—pounds

D outer diameter of tube

t thickness of tube

— - D—
r mean radius = ~§E. ] : L - - -
the-shgar stress e
. N . . ..
7= 2 M { —Elﬂ—- (2)
m D® % 1—2£+2—2
- D D/
and the shear strain _
— N - : . == o
) r6 8D 5 c - . ;
Y = — = —/— |1 — = . Lo -=(3
( .D/ (3)

l 21

It can be shown that for .t/D = 0,12 “the stresses
so calculated would not differ by more than 14 percent
from any stress exiszting in the wall and that the ‘stresses
at the mean fiber calculated from equation (3) could not
be in error by more than 1.5 percent. Since torsional de-—
formation of a tubular specimen produces only negligible
changes 1n the dimensions of the tube, values of gtress, !
strain, and set were based upon original dimensions.

By the use of tubes having nominally constant values
of t and D, a comparison of values of stress and strain
obtained with different specimens would be valid, nothwith-
standing the form of equation (2) or (3).' Shear stress—set
curves were derived from values of shear . stress and torsion
saet calculated by equations (2) and (3).

The shear stress—strain relationship is best studied
by use of the shear stress—deviatien curve, Such a curve
ils obtained by plotiing against the shear stress, not the
total shear strain,but the difference between the total
shear straln produced at the maximum load for each cycle
and a strain for a corresponding load computed on the basis
of an assumed constant value of the sheer modulus of elas—
ticity, These differences represent deviations of the
actual stress—strain curve from g straight stress—strain
line the slope of which is . based on the chosen value of the
modulus. . With a suitable choice of the assumed value of
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the modulus, tlié stregs—deviation curvé gives a very
sensitive ‘repreésentation- ﬁf "t he variation of atrain with
stress.

Accuracy of Set and -Strain Valueés

Ls previously noted, values of stfain and set are
detormined from readings made at each upper and lower
load. During the making of s¥trzin measurements, any
deviation from the selected load setting will introduce
an error in the test because of a resultant change in
elastic strain. This deviation will depend upon the
accuracy of reading the dial, the ability ‘of thé festing—
machine operator to adjust and maintaln the load during
measurement, and the frictional torque of the bearings
between the pendulum and the specimen. Because of the
high gear ratio in the loading mechanism and the use of
ball bearings between the pendulum and the &pecimen,
srrors due to the two factors last.mentloned are negli-—
glble., By use of a vernier on the loading scale, shear-—
stress variations of about 70 pounds per square inch
cculd be detected. If a shear modulus of 11,000,000
pounds per square inch is assumed, this value ccrresponds
to a shear—strain error of about 0.0006 percent. Such
an error will be minimized when a number of experimental
polnts are uwsed in fairing the stress—set and the stress—
deviation curves. The actual errors do not appear suffi-—
clent toﬂinvglidaté the conclusions drawn from the tests.

INFLUENCE OF PLASTIC EXTENSION ON TORSIONAL ELASTIC

PROPERTIES OF ANNEALED 18:8 CHROMIUKH-NICKEL STEEL

The- tdrsional elastic properties of 18:8 chromium—
nickel steel, determlined for the material in the as—
received conditions, designated annealed TA, thalf-
hard TB, "~ and hard TC agre listed in table III. " The
determlnation “of these valups is discussed later. )

In order to obtain this alloy in-intermediate stages of

cold work, a series of hard—grade specimens were treated
as follows: They were. initially softened by heating to
1900° F ‘and water quenching, 't he heating at 1900°¢ ¥ com—
pletely dissolved .all’ carbldes and the subsequent"qupnch—
ing preavented thelr reprecipipatlon at the'grain bound-— .
aries. The material so treated was less hard than the
annealed material as received! 'By using the initidlly
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hard—-grade material, structural uniformity was assured:
Some of the specimens thus treated were then extenddd
different amounts in & tension—testing machine! these _
extensions were 0.5, 10, 2.0, 3.0, 5,0, 10.0, and 20,0
percent. The steel reinforcing plugs later reguired in
the torsion tests' were inserted.in the ends of these

specimens prior to these extensions, Careful measureménts

-were made of the extension and. of the average diameter of
the reduced section of. each tube. The tests of this ser-—
ies of specimens and of an unextended aninealed specimen
will next be considered,

Torsidhai-Elaétic Stréngth as Influenced
by.PriHr Plastic ExtensiOn

-

Shear stress—sat curves and correlated stress—

deviation curves..-derived fr.om torsion tests made updn the

svecimens previously extended various. amounts, are shown
in the upper apd lower rows, respectively, of figure 3.
.Only single. curves were obtained-for each specimen. ‘The
. percentage of. prior tensile. exten31on given each specimen
after annealing is indlcated_on_the @orrespondlpg curve.
In the lower- portion of the figure, abscissas represent
values of torsional.set as deriwved by equation (3.); the

. scale, of abscigsas' is indlcated and expregsed. as percent
torsion- (strain) * The ordinates represent. shear stress,
which is- computed. by using eguation {2) and dis based on
the dimensions of each specimen after prior. extPns1on

The streass—set .curves show that the highest values of

shear stress over the indicated ranges- -of permanent set
were obtained for the specimens having the largest prior
extensions. The slopes of these curves over the lower.
stress range, however, vary in a different manner; the
steepness of these curves decreases progressively for the
initial stages of prior extension and then increases dur-—
ing subseocuent stages. The shear proof stresses gorre—
sponding to selected values of plastlc ghear or torsion
set, termed “proof sets," were determined from stress—set
curves The values of proof set selected were .0.001,
0.003, 0.01, 0.03, and 0.1 percent; these values are
numerlcally the came as those used in the. dnterminatlon
of the tensile proof stresses of metals.: =

.The variation of shear proof_stresses_w;th prior ex-—
tension for these specimens is shown in figure 5. The
proof—~stress curves for 0,01-, 0.03—, and O.l-percent
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set rise contimuously with’ 1ncrea31ng values of prior
extension. The curve for 0.00}-percent proof set, how-
ever , "decreases to & miaimum for small values of exténsion
and rises only slightly with further extension; 1t—is

thus qualitatively similar to the corresponding curve for
tensile proof stress (references 1 and 2).

In reference 4 it was noted that the oscillations in
the tensile proof stress—extension curves might be attrib-
uted to variations of one o6r more kinds of internal stress.
as shown by Heyn and Bauer (reference 7) and by Masing (ref-—
erence 8), the internal stresses induced by plastic defor—
mations are of three kinds. The first kind, which 1s re—
ferred- to in this report-and in ‘reference 4 as macroscopic
internal stress, is caused by nonuniformity of plastic
deformation in different parts of a cross section. &uch

internal stress tends to lower the observed elastic strength.

The second kind, referred to as microstructural stress, is
caused by initial differences in the resistance to plastic
"deformation of variously oriented grains or to differences
in the strength of different microconstituents; this type
occurs when the metal is stressed beyond its yield strength.
Masing has attributed the cause of the Bauschinger effect
-and of negative creep %o the second type of internal stress;
that 1s, 1t tends to 1ncrease the resistance to deformation
off the metal in the direction of previous loading and to
decréase the resistance in the opposite-ditrection. There

is some evidence, however, that the influenée of microstruc—
tural.stress .is very slmilar to the influence of- macroscopic
internal stress'y :

The third kind of internal stress described by Heyn
end Masing is associated with space-lattice changes involved
in work hardening. It has been shown by Smith and Wood
(reference 9) that plastic extension of iron-causes the
exlstencé:of a three—dimensional expansion after removal of
the stress.  This type of internal stress cannot be’ totally
eliminated- except by recrystaliization.” There 1is 'some
evidence that the - lattice expansion increases 11nearly with
increasing plastic deformation. The" lattice expahsion is
associated with one'or more structural’ changea ‘(other than
change of " crystal orlentatlon) occurtring during work
hardening, ‘such as’ Sllp on’ crystal planes, grain fragmen—
twtion, and so forth.,” 'There is some evidence that the
Bauschinger effect 1% partly or wholly due to latbice ex—
pansion. In the presaent report, as in earlier reports,
the term internal stress does not apply to ‘stresses due to
space—lattice changes. . The influence of space—latlice
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changes — that is, the lattice—expansion factor (the term
work—hardening factor also has been used in previous
papers) — will be referred to frequently in this rnport.

The ‘inerease in macroscopic or microstructural in—
ternal stress., after slight plastic deformation, probadbly
pradominates in causing the initial lowering of the 0,001-
percent shear proof stress as shown in figure 5. A%

- graater valuess of prior extension, howsver, the subseguent
rise of the 0.00l-percent proof stress probably is due to
the predominant influence of the lattice—expansion factor.
The progressive rise of the proof—stress curves for 0.0l—,
0.03—, and O.l-percent set is a manifestation of the pre—
dominance of the lattice—expansion factor through the
entire range of prior extension. As separate specimens
were used st each .value of extension, the influence of
varying rest intervals and extension spacing was not a con—
trolling factor. Therefore, significant fluctuations 1n
the proof—stress curves do not ocecur.

In reierence 2, the work—hardening index of a metal
was empirically defined as the ratio of the O,l—-percent _
tensile proof stress measured after 3—percent extension to
that obtained before extension., This ratio for the an—
nealed alloy was found to be 1.74, The ratio determined
in a similar manner for the O.l-percent shear proof stress
isg 1.70. Computations .based on work by Nadal (reference
10) would indicate :that a O.l-percent tensile strain causes
shear strain in the direction of the maximum shear stress
about equivalent to that caused by a 0.l5—percent torsion
strain (reference 6), Although values of plastic torsion
as great as 0.15 percent werse not obtained during any sin-—
gle setting of the torsion meter, the nearly horizontal
slopes of the stress—set curves above 0.lO-percent btorsion
(fig. 3) would indicate that the ratio for the Q.l5-percent
.torsion proof stress would not differ- greatly from the
"value of 1.70. This fact suggests that tensile and torsion
stress—set measurempnts give similar values for the work—
hardening indax.

As shown in table III, the values of shear proof stress
for the half-hard and .the hard alloy are significantly
greater .than those obtained for the metal extended 20 per—
cent. . As previously noted, the values of shear proof stress
for the material annealed in the laboratory were lower than
those for the material as received. It is not known whether
this difference is attributable to a difference in annealing

temperature used in the two cases or to a possible finishing
treatment given the as—received annealed material in
straightening rolls or dies that would impart cold work.
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Tffect of Plastic Extension on Shear Stress—-Deviation Curve

An' incomplete view of “the:elastic properties of a
metal is obtaimed by cénsidering only the relation between
stress and the residual deformation after the applied
stress is released. .The influence of stress on the accom—
panying' totml strain and on-the elastic strain should also
be concsidered. These relationships are revealed Dby the
stregs—deviation: curves. and by subanuently derived curvns
and indices. - - - g

In the upper portion-of figure 3, tha broken—line
curves 'represent—deviation values calculated from stress
and strailn measurements by the method described in the pre—
ceding section, using an assumed value of 11x10® pounds
per square inch for -the shear modulus. The solid—lline
(corrected) curves were derived from the broken—line curves
by deducting values of set obtained from corresponding
shear stess—set—curves -immediately below. Abscissas rep—
resent—values of deviatlion; the scale of—gbscissas is indi-—
cated and expressed in percent torsion (strain)., The cor-—
rected shear stress—deviation lines dre generally curved,
indicating s decrease of the modulus of elasticity with
~incredse in stress. With'an increase in the value of prior
epxtension, the- general slope of the corrected curve de—
cregses, thus indicating a corresponding decrease of the
mean value of the modulus. The relationship between the
curves 1s better revealed by thn derlved diagrame (figs.
4—end 6}.

Variation sf Shear Modulus with Stress
as Influenced by Plastic Extension

The shear secant modulus, given by the ratioc of
stress to elastic .strain, is used in this report to study
the variation of the shear modulus of elasticity with
different stresses. The tensile secant* modulus was used
in the previous reports to study the influence of several
factors on the variation of Yeung's modulus with stress.

The variation of the shear secant modulus of elas—
ticity with stress derived from the corrected stress— '
deviation curves in figure 3 are shown in figure 4. The
prior extension in percent, given each specimen, is indi-
cated on the corresponding curye. ’

*This modulus differs from.a frequently used secant modu—
lue based on the variation of- total strain with stress.
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The pointes indicated in figure 4 do not correspond
to stresses at which strains were measured, but to se—
lected points on the corrected shear stress—deviation
curves for which the secant moduli were evaluated.

With the exception of the curve for S5-percent exten-—
sion, the lines are vertical over the lower part of the
stress range. The curve for 5—percent extension shows a
continuous decrease in modulus with increase in stress,
The curvature of the shear stress—modulus lines at the
higher stress values indicates a slight decrease of the

modulus values,. -

The shear modulus at zero stress Gp may be -deter—
mined directly from the shear stress—modulus line by ex-—
trapolating to zero stress (references 2 and 4), VWhen
the modulus line is straight, the variation of the secant
modulus of shear G with shear stress S may be repre—
sented by

G-=G-o—k's ) (4)
The constant k is the cotangent of the angle of
slope of the shear stress—modulus line. It has been found

mare convenient to express equation (4) in the form of

G = Gy(1 — CgS) o (8)

where Cg = k/G rapresents the llnpar stress coefficlent
of the secant modulus.

When the torsional stress—modulus line is curved
from the origin, the stress coefficient of the modulus
Cop according to equation (8) would no longer be constant
but would vary with stress. By adding another Ferm %o
equation (5), such a stress—modulus line may be more cor-—
rectly represented as S

G = Gy(1 — CoS — C's®) (6)
where C5 and C' are both constant. The constant C'
is the quadratic stress coefficient of the modulus and is
an index of the curvature of the stress—modulus line. Use
of the second coefficient C'!' will be made in the discus—
sion of some of the test results in this report. In fig—
ure 4, however, the values of €' would be small and

therefore were not derived.
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Values of Cg aré indicated (see fig, 4) by a number
adjacent to each gtress—modulus line; The value of G
for each stress—modulus line is "indicated by the intersec—
tion of that line with the axis of abscissas.

It is evldent that values of CO' ~gnd C! change ac—
cording to varlations in the .form ‘of ..the corrected stress—
deviation curve. The general equation for this curve as
derived from equatiﬁn (6) is | ..

< 8/6 = S/6g4(1~C S—C’Sz) - (7)

0

where € is the corrected shear strain.- As the linear and
quadratic terms are ‘small. compared with.uniby, equation (7)
may be writtehn as; f . C e e : i

€ <a.l(_)>(s ¥ CoS2 + crsd ) (8)

Since the strain correéponding to the tangent to the stress-—
strain line at the origin is S/G,, the deviation €4 from

this tangent is
€g = € = 5/6q =<515> (Cgs2 +.c1s2) - -~ (9)

When the stress—modulus line- is straight, C! 1is gero
and the last term in the parentheses of. equation (9) disap-—
pears.. -.The stress—=deviation relatlonshlp corresponding to
a straight stress—modulus line, therefore;is represented

by
(10)

which is the equation of-=m quadratic parabola, When. CO
is zero and the derived stress—modulus line is curved
equation (9) becomes -

0 3>
€4 = 0'S /GO ‘
which is the equation for a cubic parabola.

It. is possible that-'the shear stress—deviation curves
are more accurately representvd. by equatiaons of = different
form, involving additional poljnomial_}e;ms, or by-a.mathe—
matical expression of a different type. If the near’
linearity of" the drrived stress—modulus curves is consid-—
ered, however, use of the empirical equations is Justified.
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Influence of Plastic Extension on .
Shear Modulus of Elaéti¢ity”

Figure 6, based.on the values of G5 and GCg de-—

rived from the curves in figure 4, shows the variation..
of Gg and Oy with prior plastic extension. of the an—
nealed alloy. Abscissas represent plastic extension in
percent, The ordinate scale on the left—hand margin-rep~
resents values of the shear nodulus at zero stress Gg
plotted in the upper curve. The. scale of values of €
plotted in the lower curve is 'found on the right—hand
margin.,

The shear modulus of elasticity G decreases gen-
erally with increase of prior extension. (fig. 6). The
value of O, was zero in every case except for the 5— .-

percent extension. The positive velue of Cp indicates

that the corresponding stress—deviation gqurve in figure 3

is not linear over the lower stress range. .Such devia-—

tion from linearity is not apparent in flgurp 3 .and was _ -
measurable only 'when the curve was drawn to the much
larger scale tused for the original dlagrams " No great ) ..
significeance should be attached, .therefore, fto this singu- . e
lar- deviation im'-the ©Cg extension curiye.. Prior tensile
extension does “inf luence the values of_ GQ but has little
influence on’ CO.' o

Influence cf Various Factors upon Torsional and Tensile
Blastic Properties as Afﬁécted_by Plastic Extension

In references 2 and 4 it was noted that the variation

of the tensile eladtic properties with extension or with

anneallng temperature could be directly associated with.

three important factors: namely, (a) internal stress, which

may be either macroscoepic or  microstructural; (b) lattice—

expansion or work—hardening factor; and (e) erystal reori-—

entation. The first twc factors were described previously

in this section. The term crystal reorientation as used

in this paper implies the change from a state of random .

orientation to a preferred state after apprecisble deforma-—

tion. This change may have a prenounced influence upon

the elastic properties of many metals. S I
Increasing macroscopic or miecrostructural internal

stress will tend to decrease the tensile proof stresses

and increase the tensile modulus of elasticity and its lin-

ear and quadratic stress coefficients Cp and C'., An



16 NACA Technical Nofe No. 8886

increase in the lattice expandion is accompanied by an in-—
crease In the tensile proof stresses and a decrease in the
tenslle modulus of elasticlty and its stress coefficients.

The influence of the crystel-orientation factor 1is
revealeéed only by variation of-the modulus of elasticlty;
apparently it has little influence upon CO, C', or the
other elastic properties.  Its influence is dependent upon
the directional variation of the modulus of elasticity with
regpect to the principal crystal axes and upon the preferen~
tial crystal ‘orientation found in the metal after appreciadle
¢cold work, Detmiled discussions of this subject are given
in references 2 and 3.

The variation of the several elastic properties with
vrior extension, with prior torsion, or with annealing
temperature will depend upon the relative- dominance of
these several factors.

The shear modulus at zero stress Gg (fdg. §) and the
tension modulus at zero stress ‘Eyg (reference 2) for the
annesled 18 : 8 alloy, 1n genersl, decrease "progressively
with incressing plastic extension. This decrease is at—
tributed in both cases to tlie predominant influence of the
lattice—expansion factor, It has been noted that the pro—
gressive increase -of the torsional proof stresses with
prior extvmsion as shown ‘in -the curves for 0.01— to 0,10-—
percent set of figure 5 can be aftributed to the predomi-—
nant influence of .lattice expansion., 4L similar relation—
ship has been found for tensile proof stresses.

In tension tests, in which single annealed specimens
were given a series of successive extensions, the influ—
ence of these factors and of rest interval and extezmszsion
espacing was evidenced by the fluctuations of the proof
stresses, the modulus-at zeroc stress Ep and its stress
coefficients, Cg and C!. Such- filuctuations are not

*The second report (reference 2) was based on megsure-—.
ments obtained with an extensometer., which, though normally
direct reading, was found later to contain a fixed calibra-—
tion error; the extensometer assembly previously had been
altvered in an unorthodox manner, Xnowledge of this evrror
was obtained only after the report was first published. It
1s necessary, therefore, in order to.secure proper q.antitsa-
tive data from this report to study an important errata sheet
that should accompany all copies. The corrections indicated
by this errata sheet are quite simpleae, involving only the
multiplication of some modulus values by a fixed correction
factor; thils change does not affect qualitatively the results
or conclusions given in the original.report.

-}
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avident in .figures 5 and 6, As previously stated, the
gradual increase of internal stress with increasing exten-—
sion (fig. 5) is. evidenced by its depressing influence
upon the shear proof stresses for the lower values of setbt.
This effect has been noted also in tension: measurements.

In tension tests of the annealed 18:8 alloy, it was
noted that -the linear and the quadratic stress coefficients
differed considerably for different degrees of prior exften-—
sion. In torsion tests, the linear stress coefficient CO
is zero over nearly the whole extension range (fig. 6);
whereras €', as evidenced by the slight curvature of the
stress—modulus lines (fig. 4), is small. This difference
in values obtained in tension and torsion tests is not
wholly accounted for by differenceés in the two test pro-—

cedures, It is probable that plastic meaxtension influences
the torsion corfficients to a somewhat lasser degree than
i1t does the tension coefficients. In tension measurements,

Co first increased, owlng to the predominant influence of
increrasing internal stress, and later decreased, owing to
the predominant influence. of lattice mxpansion. The in—
ternal—-stress factor evidently predominafed only in the

very early stages of extension in causing a rapid rise of

C!', which then decr®ased more gradually to ZAYr O within 13-

to l6—percent extension.

The crystal—orientation factor, which exerts a pre—
dominating influence only after large extensions, 1ls evi-—
denced in tension tests in the later rise of the modulus
curves of such materials as monel metal, Inconel (reference
2) nickel, and copper (reference 4) but not in the curves
of 18:8 chromium—nickel steel (references 1, 2, and 4).
The-range of plastic extension in the prnsent torsion
tests, however, is insufficient to cause ‘any appreciabln
crystal reorientatlon.

INFLﬁ?NCE CF PRIOR PLASTIC TORSION ON TORSIONAL ELASTIC

PROPERTIES OF '18:8 CHROMIUM—NICKEL STEEL

Extension causes cylindrical deformation of the poly—
crystalline alloy if the tension is applied without frans-—
verse restraint. In tne cold drawing or rolling of bars,
additional transverse restraint is applied, Tensile load-—
ing can be shown to be equivalent to the simultaneous ap-—
plication of a volume—expansion force and shearing forces
along planes situated at an angle of approximately 549441
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with respect to the-direction of loading. .It was consid-—
ered of interest, therefore, tv.study the influence  of

plastic ‘shear alone upon the torsional elastic propnrties '

of the 18:8 alloy.

ThP test prOCPdurP was similar to that used in the
previous -investigation of—the mffect of prior extension
upon the tensile elastic properties of metals (references
1l to 4). This procedure—consists in obtaining corralated
torsional stress—set and stress—deviation curves from
test data for a single specimen, 1in the as—-received condi-
tion and after imparting successive. predetermined incre-
ants of plastic torsion’. . The. method of detarmining indi-
vidual torsional stress—set or stress—deviatlon. curves 1is
degcribed in:a preceding section. "This procedure was fol-
lowed for the annealed, the half—-hard, and the hard 18:8
chromium—nickel steel. ; ‘ .

In tension® tests, the range of the plastic exteneion
over which elastic properties. were meagured was limited to
the range of uniform contraction of the specimans. In
torsion tests, however, no.significant change occurs in the c
cross.section of the tube. The limitation to uniform de-—
formation will be shear fracture, or buckling or helical de—
formation (reference 6} .because. of elastic or plastic in-—- .
stability.

The -use of thick+walled-tubing, as indicsated in a pre-—
ceding -section, would decrease both.the uniformity of stress
distribution.and. the accuracy of deterriaing the mean stress.
Thege considerations led to a -compromise-in a wvalue of Q.1
for the ratio of wall thickness-to tube digmeter. - In the
present investigation, observable-helical deformation was
found tv be the only limitation to the range of uniform
def ormation.

Effect of PBrior Plastic Torsion upon Torsiocnal Zlastic
Strength of Annealed 18:8 Chromium-Nickel Steel

Shear stresgs—deviation and séress—set curves are shown

.in the upper and lower rows, respectively, o»f figure 7,

obtained after various increments-of plastic. torsion of a

specimen of the as—received annealed alloy. The or igin of

cgch curve is-shifted to-the right a.-constant distance from

- the-origin of the precodlng-curve. . Bach-curve thus hag 1its
own scale of abscissas. B - . -
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.  The curves from left to right were obtained consecu—
tively after intervening (varying) amoungs of prior plastic

. shear, Some of these shear increments were large; others
were equivalent only to the plastic shear obtained in de- ;
termining the .previous 'shear stress—set curve. .Between T

increments of torsion, the specimen was allows "to rest be—
fore determining the subsequent stress—sitrain and stress—
set curves. The duration of such a rest interval will -
have a pronounced influence upgn the form of the stress—
set and.stress—deviation curves derived from subsequent
measurements. :

In making a series of ftorsion tests of a specimpn, a
total plastic  shear of . abvout 0.1 percent was usually ob-—
tained during the initial test. After a rest interval of
about 30 minutes, a second series of load cycles was ap—
Plied t0 the specimen and a somewhat greater total plastiec
shear was obtained. Occasionzlly, following a similar
rest interval, a third series of measurements was made
during which a large total:plastiec shear was obtained.
The introduction of a third test in a series, a procpdurp
that was not followed in the measurement of ténsile elas-—
tic properties, was made in those cases where the time
schedule permitted; it enabled the securing of addltional
useful test.data within a given total time interval with-—
out influencing the results obtalned from other tests in
the series. Following this pair or trio of tests, the
. epecimen was allowed to rest for a period of 18 hours or
longer and the entire procedure was repeated This sched—
ule was continued until helical deformation ‘of the test )
specimen occurred. .

fertsain changes will occur in the test specimen dur-—
ing a rest interval as evidenced by negatlve torsional
creep during this periosd. Any variatiOn in Eemperature
with time after previous plastie, ‘shear, although effecting
a change .of dimensions of the specimen, will not cduse any

change in.the torsion—meter readings. 'Since elastic shear—
ing strain causes no change in volume, no sdbsequent "ther—
mal creep. occurs (reference 1), Torsional negative creep

probably is associated only with changes in lattice expan—
sion following preceding pldstic: torsion.

The prior torsions are not indicated in figure 7. The
curves are numbered consecutively, however, and the per-—
centages of prior torsion, as calculated by equation 3 .in
terms of unit shear, may be found by referring to the cor-— .
responding points in figures 9 and 10. These points are
calculated from curves in figure 7 in a manner prev1ously
described for figures 5 and 6.
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_ The rest interval .preceding svach test:'ig indicated
by a designating symbol for the turves. or points on -the
diagramss In.figure 9. the:shear proof stresses are plot—=
.ted:ragaingt the corresponding percentage of -pricr plastic
torsion.  Differences -in the increments of plastic toreion
between curves parmit the deterpination of the influence of
this variable upon the form_of ¥The stress-—set curve and the
values of the derived proof stresses.: The distribution of
. these—dincrements over the range of total prior torsion is
termed "torsion spacing." The shear stress—set relation-—
ship, as affected by plastic torsiocn, rest interval, and
torsion spacing may be studied best ©ty considering both
the stress—set curves -and the derived curves showing the
. variation of the shear proof stressee with different de-
grees of -prior plastic torsien, The steeper the stress—
set curve, -the higher are the. derived proof stresses. 4&s
indices of torsional elastic strength, the proof stresses
based on 0.001l— and 0.003—percent torsional proof set
probably should receive more consideration than the proof
stresses based on larger percentages of plastic shear.
The .0.1—percent torsional proof set should be viewed as an
index of .the shear yield strength rather than as an index
of-the shear.elastic.strength,

The escillations of the 0,001— and 0.003—percent
proof—stress -curve (fig. 9) generally are larger than,
though similar to, the. curves for the higher wvalues of
proof .set7w— The oscillations are therefore principally due
to changes in-the properties of .the tegt specimen and no#t
to a lack of accuracy of .the testing apparatus. These
oscillations are gualitatively similar to those obtained
in the—ternsile proof stress—extwnsion curves for this
alloy (references 1 and 2).- : :

The stress—set curves (fig. 7) obtained after long
rest intervals generally are less steep than those obtained
after short-rest intervals. For successive curves having
short rest intervals of similar length, the curve corre—
sponding te the smaller torsion spacing generally 1is
steeper; this difference in steepness usually 1is net
marked:; These relationships are best illustrated in the
derived diagram offigure 9, Polnts-corresponding to long
rest intervals &are usually lower than those corresponding
to short intervals.: ¥With two successive point correspond-—
ing to equal rest intervals, the second poinis, which ocor-—
'responds to a large pricr torsion -spacings—usually is
slightly lower.

The oscillatipns-(fig. 9) due to the influence of rest
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interval and torsion spacing are superposed upon curves
of variation of proof stresses due t6 prior plastiec tor—
sion alone, These last-mentioned curves, hereinafter
termed "basic curves," are smooth in form bBut cannét be
determined independently. The basic curves would be ap—
Proximately parallel to curves drawn through the mean
Positions of the osciliations. .

The bas1c 0.1— and 0.03—percent shear proof stress
curves in figure 9 would rise continuously over the 1nd1— )
cated range of prior torsion. The two lower basic curves,
however, would show a risé over only the initial part of
the range of plastic torsion and would thereafter descend
gredually. These oscillations in the proof stresses (ref-—
erences 1, 2, and 4) probably are due to variations of in-—
ternal stress. The decrease of proof stress following a
long rest interval is attributed to negative creep induced
by the preceding plastic deformation.

The rapid initial rise of the basic proof—stress
curves (fig. 9) with prior torsion and the more gradual_
rise, in the upper curves for subsequent stages of prior .
torsion (0.1— and 0.03—percent set) are attributed to work
hardening of the metal .in shear; that is, to the lattice-—
expansiqon factor. ’ :

The relative influence of plastic extension andi
plastic shear may be noted in a comparison of figures 5

and 9. The differences in proof—stress vaelues for corre—
sponding sets at zero abscissa are due to differences in _
the initial hardness of the specimens. A4s previously

. noted, this condition is due to the difference in treat—
ment of the as—received—annealed and laboratory—annealed
material, ang: may account for the generally lower value
of proof stress for the curve in figure 5 than for the
.corresponding curve in figure 9.

Because two weeks had elapsed between the time of
prior extension and the time of testing the specimens re—
ferred to in figure 5, it 1s presumed that the processes
of hegative creep were completed during this  time inter—
val. This conclusion is evidenced by the gradual rise
of the proof—stress curves (fig. 5); if the process of
negative creep was not completed in the extended specimens,
there would have been a large increase in the proof—stress
values between O and Q.5-percent extension (such as is
indicated in fig. 9).
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The-genural rate of incréase of Proof stress in the
curves for 0,0l1— to 0.l-vercént set for ténsile extewnsion
(fig. 5) is greater than that for the dorresponding curves
for prior plastic shear (fig. 9). -It is of interest;
therefore; Yt o obtain an index of  initial work hardening
ofuthis*métal in-shear. If it-is asdumed that the ratio
of shear strain to tensile stragin is the same as the fthe-—
oretical equivalence of these factors; that is, 1X: 1, tha
shear work-hardening index comparable to the préviously
defined tensile work-hardening index would be- the ratio of
the 0. l—percent shear proof. stress at 4i~percent prlor

torsion to that at O percent prior torsion. For the as—
received annealed alloy TA (flg 9), this ratio 1s 1.30,
a value somewhat smaller than the value of 1.70 previouslv
computed for the tensile work=hardening index (fig. 5).
This difference in work—hardening index would be even
greater ‘except for the rapid increase in shear proof
stresses during theg initial stages "of prior plastic shear
(fig. 9). The difference in value probably 1is largely due
to the differences in hardness of ‘the as-received annealed
and laboratory annealed spec1mens.

For the higher values- of'prior ‘plastiz strain, the
0.l-percent torsional proof etress ‘¢urve based on prior
extension (flg. 5), 1is stesper than the curve based on
prior torsion (flg. 9) At large values of prior deforma-—
tion, however fhe - average rlse of the 0, l-percent proof—
stress curve in figure "5 ‘ovier g prlor extension increment-
of 1.0 percent is approx1mafely equlvalent to the .average
rise of the carresponding curve in flgure 9 over .a prior—
torsion increment —of 1.5 perceént. This relatgonship indi—
cates that the work-hardenilng rates for large strdin values
of the alloy induced by tension' or by torsion are approxi-

mately equlvalent if the assumption regarding the equivalence

of tensile to torslonal” strain is’ éorrect

.

Effect of Plastic Torsion on Stress-Strain Relationship
of _Annealed 18 : 8 Chromidm-NickelrSteel

The corrected stress-deviation curve ‘of the annealed
alloy (fig. 7) tends te decrease. in slope and -tc -fncrease

in curvature with increase in plastic toreion. There is,
moreover, no direct relatiovnship between the form of this
curve and the duration of the rest .intgrval, The slgnif-—

icance of variation in the form of the curve 1ls revezled
in the derived diagrams (figs. 8 and 10).
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The stress—modulus lines in figure 8 shdéw an increase
in curvature with an increase in priesr torsion. The ini-
tial slopes of these curves, however, do-not vary in a
regular manner. The variation with prior .torsion of the
shear modulus at zZero stress GO and its linear stress

coefficient Cg 1is shown in the upper and lower curves,
respectively, of figure .10. The shear modulus decreases
with increasing plastic torsion at a gradually diminishing
rate, reaches a minimum &t about 8-—percent .torsion and then
increases slightly with further torsion.

The value of Cpy " fluctuates considerabdly thfqughout
the range of torsion. A curve drawn through the mean posi-—
tlion of the polnts, however, would rise rapidly at first,
reach .2 maximum at a torsion of about 3% percent, and then

raecede only slightly thereafter. Slight differences in the
form of the lower parts of the stress—modulus lines cause
large variations in the value of GCy. Because of the
marked curvature of the stress—modulus lines for thig alloy,’
values of the gquadratic stress coefficient C' have been
derived from these curves and plotted against prior torsion
(fig. 11). The derived curve may be considered as consist—
ing of oscillations superposed upon a basic curve of smooth
form. The basic curve would .rise continuously with torsion,
reach a maximum at a torsion value of about 12 percent,and
decrease thereafter. .This curve differs from the curve of
variation with prlor extension of the quadratic stress co-—
efficient €' of the tensile madulus; gs noted in refer-—
ences 2 and 4, the tensile curve rises abruptly to a maxi-—
mum and then decreases at a lesser rate, reaching a zero
value after 12— to 1l6—-percent extemnsion. o
Values of the shear modulus at an intermedliate stress
of 20,000 pounds per square inch have heen .plotted against
prior torsion in figure 10; these values were obtained
directly from figure 8.. This curve shows a general deécrease
of this 1lntermediate modulus Gz throughout the indicated
range of prior torsion; the curve is quite.smooth -in form.
It is qualitatively similar to the intermediate tensile
modulus Ezo and Egg curves for this alloy.

It can be. shown that the differences between values of

Goo and G5 at corresponding prior torsions are-dependent
principally upon the large values of the qQuadratic stress
coefficlent €', and only %to a lesser extent upon the

values. of Cp. The differences between values. of the ten—
sile moduli Eg5 and "Eso at corresponding extensions (ref—
erences 1 and 2) were found to be dependent principally
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upon the magnitude of the lidear stress coefficlent Op.
It must be noted that the G,, curve (fig. 10) is plotted

over the lower range of deformation; whereas the Ezg ang
Egy curves are plotted over somewhat higher ranges of

deformation. The torsional stress~deviation curve—for

ennealed 183 8 chromium-nickel steel, therefore, is nearly
a cubic paradola throughout the range-of prior torsion;
whereas tensile stress—deviation curves of the form of cu-—
bic parabolas are obtained only in the initial range of
prior extension. The oscillations of the-curve fer Cn

(fig. 10) and C!' (fig. 11) are irregular and therefore
bear no apparent relatiorn to the magnitude of rest inter-—
vels and torsion spacings. It is probable that these
irregularities are due partly to osclllations 1in internal
stress and partly to limltations in the sensitivity of the
apparatus. Thp relatively smooth forms of the curves of
variation of and Gz, with prior torsion (fig. 10)
indicates that tgme intervals and torsion spacings exert
little influence on the values of these indices,

Effect »f Prior Plastic Torsion upon Torsional Elastic
Strgngfhjof=Half—Hard and Hard Steel

The torsional stress—set curves of—the half-hard and
the ‘hard -18 : 8 chromium~nickel ateels are shown in the
lower portion of figures 124 and 12B, respectively, The
amount of—total prior plastic torsion corresponding to
each curve may be .obtained from the derived diagrams in
figures 14 and 15,

C. The stress—sat curves for both .the half~hard and .the
hard alloy cqrresponding ~to long rest intervals generally’
_.are less steep than the.curves immediately preceding -or -

’ following which correspond to relatively short rest inter-
vals, This phenomenon is revealed in the derived dlagram
‘of .proof stress versus prior .torsion.(fig. 14) by the
minima In proof stresses-.for indicated loang prior rest
intervals. '

There 1is slgnlficant 1ncrease in. proof stresses (flg.
14) accompanying the. initial incremenit  of prior torsion 1in
every case., With further torsion, the_.proof—stress curves
for 0.0l- to O.l-percent.set rise. The proof-—stress curves
for 0.001~ and 0.003—-percent set for the half-hard 18 : 8
chromium—nickel steel (fig., 144) first decrease and then
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- lnerease with little oscillation; whereas the same curves
+for the hard.alloy (fig. 14B) fluctuate appreciably, ex—
:hibitlng a general decrease with prlor torSIQn

The oscillatlons .in the curves probadbly are assoc1ated
with-variations in torsion spacing and rest intervals and
are superposed upon basiec curves shdwing more g:a@uai,yari—
ations, These basic curves would be approximately parallel
to curves passing through the mean positionsg of the derived
points. The minima in the curves at points corresponding
to the longer prior rest intervals is attributed to nega-—
tive creep. The variation of the basic curve for the most
part probably is due to varlatlons in the internal stress.
The small rise in the upper proof—stress curves of figure
14 suggests that the influence of the lattice—expansion
factor is slight,

Shear Modulus of Zlasticity of Copld—Drawn Steel . S ——

The torsional stress—deviation curves for half-hard
and hard cold—drawn 18 : 8 chromium—nickel steel are shown
in the upper portion of figures 124 and 12B, respectively.
The solid—line curves are derived. from the broken—line
curves by correcting for.the torsion.set obtained from
the corresponding torsion stress—set curves immediately
below. There is no apparent. relationship between the form
of the stress—deviation curves and the duration of the
rest interval. All these lines, however, are prominenftly
curvead.

The stress—modulus lines in figure 13 were derived
from the solid—line stress—deviation curves. With few .
exceptions, the stresgs—modulus lines are straight through—
out their exbtent and slope.- with respect to the vertical,
The linear stress coefficient. 0, the index of this
slope, is indicated on each line.. One notable exception
to the indicated linearity is the initial. stress—modulus
line of the hard alloy. Thig 11ne ‘has practically zero
slope over the lower part of the stress range but curves
appreciably at higher stresses, indicating décreasing
modulus values with increasing .shear stress. No signifi-
. cant curvature occurs in the other stress—modulus 1ines.

Figure 15 shows the varlation of the shear modulus
of elasticity at zero stress Gg ~and its linear stress
coefficient  "Cnp with prior torsion for the half-hard and
the hard 18:8 chromium—nickel steels. -Theses values are
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dPTlVFd from figurps 12 and 13. The shear modulus at zero
stress T Gqg- _of t he - half—hard alloy 1s highér than that of

the hard alloy During the initial stage of prior torsion
for the half-hard alloy (fig. 154), Gy decreases rapldly

. to a minimum but varies little with further torsion. For

tha. hard alloy_(flg. 15B), the value of- Ga fluctuates
with change in prior torsion, a mean curve of this varia-—
tion would show gradually decreasing values of shear modu—
lus with increasing torsion. ’

The linesr stress coefficient of the modulus Cqg for
both half—hard and hard 18:8 chromium—nickel stwel fluctu-—
.ates somewhat but generally lncreases with increass in
nrior torsion; these osciallations are greatest for the
"hard alloy. Thae oscillations in  the curve of Cg 1in
general have a like course to the curve of &n (fig. 15).

Influence of Various Factors upon Torsional and Tensile
.,Elaétic Properﬁins'as Affectnd'ﬁy Plastic Deformation

The influaencé of various factors upon torsional and
tensile elastic propertlns Bs affpctpd in each case by
plastilc extwnsion was digcussed in the preéceding section.
. In thé prpsnnt discu331on, "the variation of the tensile
" plastic properties w1th progrns31vn plastic extension is
compared with the variation of the torsional elastic
propertismy- with - progressive plastic torsioen.

The increase in internal stress with increasing
plastic deformation of the ‘annialed glloy tends to lower
both torsional (fig. 9) and temsile proof stresses (réf-
erances 1 ‘and 2) for the smallér set valuas (0.003— and
"0.001-percent set). Furthermore, this increase in in-
ternal stress tends to increase the linear (Cp) anrd the .
"quadratic (C!') stress roefficients of the modulus for
both torsion and tension. This .increase also tends to
cause a slight initial rise in the Gg and Egj curves
(flg. 10 and reference 2) S

The gendral decrease of—thp shear modulus ' at zero
"stress Gg of the annealed alloy with progressive prior
torsion (fig, 10) probabdly is due to the dominant influ-—
ence of the. 1attrch—expans10n factor; this factor also
was, apparpntly dominant 1n the” lawering of the tensile
modulus at zéro stress - with progressive prior_nxtnn—
sion. The lattlcp-nxpane?on factor predomihates-in caus—
ing._a_decrerase of the gquadratic stress corfficlant of the
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shear modulus .C!' for the higher degree of torsion (fig.
11); it became dominant; however, at somewhat smaller
equivalent deformations in caumsing lowering of €' in

the teénsile tests: This same factor is effective in caus—

ing a rise of the proof stresses for the higher wvalues of

sef with progressive prior deformation in both torsional

(fig. 9) and tensile tests. The generral decrease in shear

proof stresses after a long rest interval.following prior
torsion 1s probable evidence of a partial decrease in
hardness of the metal:, which is a manifestation of the
lnfluPnce of the lattice-expansion factor,

As previously noted, plastic deformation tends to
change the orientatlon of grains of annealed polycrystal-—

line metals from the random to a preferred state. Becausse

of directional variation of the modulus of elasticity of-
a metal crystal, this change to a preferred orientation
may affect the mean modulus of elasticity of such aggre— -
gates. The effect of this change, however, usually be—
comes evident only after severe plastic deformaticens,

This factor is prevalent in.causing at indicated
large deformations the ris~ of the curves showing varia-—
tion of the tensile modulus Ep with progressive exten—
sion for monel metal, Inconel, cdopper, and nickel. It is
not prevalent, however, iIn the tensile curves for an—
nealed 18 : 8 chromium—nickel steel., 4lthough the range
of ‘deformation indicated in the Gy curve (fig. 10) is
smgll, the general decrease in slepe of this curve may
possibly be associated with a change in crystal orienta—
tion.

In reference 1, the influence of prior plastic exten—
sions upon the tensile elastic properties of fthe half-hard
and hard 18 : 8 chromium—nickel steel was shown. The half-—
hard grade used for that investigation had received ap-—
nroximatplv the same amount of cold work as had the half—
herd matéerial used in-the present investigation; the hard
materials used for the two invastigations differed consid-—
erably. The comparison will therefore be. made only of the
regsults of the torsion.and tenslon tests wupon hglf-hard
18 ;::8 chromium—nickel steal, The two sterls used in the
present investigation differed 1little in hardness..

An initial rapld rise of all the proof—stress—
deformation curves of the cold—drewn. alloy océursg in a11
cases whether.tasted in tension or torsion.. This rise
Probably is due_ to the reduction of internal stress accom—

»
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penying initial defoxrmation., The" smallnr'rate of rise of
the proof—stress - -curves for 0, 03—.and O. l-percent sebt.with
further défarmation is also’ characterisbic of both the
tensileé and torsional cases.’ Although this condition may
be due partly to the'further relief of internal stress,

it probably is ‘due to a greater extent to the - additional
“work hardening.of the metalj that is, to the lattice-—
expansion factor. 1In tensile tests -of the half-hard alloy
end in torsional tests of the hard =zlloy, the -préof—stress
curves based on lower set values Pluctuate during the fur—
ther stages of deformation, The.more abrupt oscillations
probably are due to fluctuations in rest interval. The
proof=stress values corresponding to the longnr prior rest
intﬂrvala gfnerally are lower.

The  torsional—and ten31lp—modu1us (Co and EO)

curves of the cold- drawn alloy (see fig. 15 and reference
1) exhibit:a décrease with ihnersasée in-deformation. Thise
condition probably is due to the dominating influence of
the lattice—expansion factor. The 1nitial value for. Cg
for the hard 18 : 8 chromium—nickel steel is low in the
torsion case (fig. 15), dbut is high in the tensile case
(reference 1); this suggests that the tubing used in tor—
sion tests may have been given a stress—rellef annealing
traatment following cold drawing during manufacture,

INFLUENCE OF ANNEALING TEMFERATURE ON TORSIONAL ELASTIC
PROPERTIES OF 18 : 8 CHROMIUM—NICKEL STEEL

The effect of annealing temperature uvon the tensile
"elastic properties of 18: 8 chromium—nickel steel was dis—
cussed in references 2 and 3. It was found that by anneal-—
ing the cold—~worked 18 : 8 alloy within a range of tempera-—
ture below, thdt of recrystalligatlion, .a definite increase
in tensile proof stresses and tensile modulus of elasticity
was obtained. Similar. exparlments have bean made to ascer—
tain the effect of annealing temperature on the torsional
elastic properties in the presant investigation. A series
of torsion—test specimens of the hard—alloy tubing was,
annealed at- temperatures ranging from roon temperature to
19000 F-with esach 'specimen annealed at a different tempera—
ture. A stress—set curve and a stresgs—deviation curve for
each spercimen '‘are shown in the lower and upper portians,
respectively, of figure 26, The temperature a4t which each
specimen was annealed is indicated on the corresponding
curve.  The curves for gn annealing temperature of 1900° F
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occupy only a small stress range; they are based on the
same data as are the initial curves 1in figure 3 which
were drawn to a more open stress scale. They are repro—
duced in figure 16 for the purpose of comparison.

Effect on Torsional Elastic Strength

.For specimens annealed within the range of 300° %o
1100° P, the initial part of the shear stress—set curves
is more nearly vertical than that for the. cold—drawn tub-—
ing as received (fig. 16). The maximum shear stress
reached over the indicated torslon—set range is greatest

for annealing temperatures ranging from 500° to 900Q° F.

The variations in form of the stress—set curves are
more clearly revealed in the derived curves (fig. 18)
showing variation of proof stresses with annealing tem-—
verature, The shear proof stresses increase with increas-—
ing annealing temperature up to about 900° F and then
decrease rapidly with further increases in temperature.

Effect on Shear Mbdulus of Blasticity
and Its Stress Coefficients

The solid—line stress—deviation curves in the upper
row of figure 16 have been corrected for permanent shear.
These corrected curves tend to become more nearly vertical
with incresse in the annealing temperature. A high value
of the shear modulus for the fully annealed metal (1900° F)
is indicated by the slope to the left of the corresponding
ccrrected curve. Such a negative slcpe is caused by the
seplection of .an assumed shesar—modulus value smaller than
the modulus of the test material. The stress—deviation
curves for temperatures of 3000, 5000, 7009, 900°, and
1300° F are somewhat curved, indicating a variation of the
modulus with shear-stress. - o

The derived stress—modulus lines for metals annealed
at various temperatures are given in figure 17. OCurves
indicated by annealing temperatures of 300°, B500°, 700©°,
9009, and 13000 F have positive values of Cq; the remain-—
ing lines have an initial zaro slope. The stress—modulus
lines are curved at the higher values of stress, The quad—
ratic stress coefficients of the modulus corresponding to
these lines, however, are asmgll; nc tabulation of these
values is given.
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bigqre 19 shows Athe variatlon of the shear modulue
of elasticity at zero stréss Gq ‘and 'its” linear stress
coefficient €y with annealing temperature; Gg shows
a general.increase .with increase .in annealing temperature
with the value of the modulus being nearly constant over
the range from 500° to 11000 F, A further inerease in
annealing temperature, which produces softening causes a
more. rapid rise in, the .modulus., . The Jineax stress coef—
ficient .of . the modulus 0g rTeacHe's .a-maximum for an an-—
anealing temperature of .5000 F but decreases at higher
temperatures. - . . R e . - ==

Influence of Various Factors upon Torsional
and Tensile Elastic Properties

The curves showing the variation of torsional and
tensile proof stresses with different annealing temperra—
tures are similar in ferm. A maximum 1s reached in both
sets of curves at about 900° P (fig., 18 and references 2
and 4). With increase of annealing temperature up to
900° F, there is evidence of a significant—decrease in the
internal stress. 'This change of internal stress tends to
increase the shear (fig. 18) and tensile proaf—=stresses
With further increase in temperature, the influence of
recrystallization or softening of the metal willl predomi-—
nate in causing a 1ownr1ng of-both torsional end tensile
proof stresses. - . - a

‘The curves .showing variation of- the modulus of elas—
ticity and of its linear stress coefficient with different
annealing temperatures for both torsion and tenslon are
similar in form, The influence of rvrecrystallization; that
is, elimination of work—hardening or lattice—expansion
affects, evidently predominates over the whole range of
annealing temperature and causes a rige with progressively
increasing temperature of both the shear and ftenglle meoduli
of elasticity. The decrease of internal stress in the
intermediate temperature range (500° ta 110Q° F) probably—
is responsible £f6r the "decreased, slope of the modulus—
temperature curve in ‘this region (fig, 19):

Maxima in the curves of Cg5 with arnealing tempera—
ture are obtalned at an intermediate- temperature in both
torsion and tension. The cause for these maxima has not .
been ascertained. : R e
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CONCLUS IONKS

The effects of plastic deformation (extension or tor-
sion) on the shear elastic properties of 181t 8 chromium—
nickel steel were studied and in many.respects were found
qualitatively similar $to the effects of plastic extension
.on . the tensllp elastic properties of.this metal. .In the
following general conclusions, . the excpptlons will be L
noted, ; . . L L s .

1, An incomplete view of the torsional elastic prop-—
erties of this alloy 1s obtained by considering either
the stress—set or stress—strain relationship alone. Con-—
sideration should be given both relatlonships,. 3

2. Shear stress—set curves may be used to derive
proof stresses that represent the stresses causing various
amounts of -permanent set. Gorrpsponding shear stress—
strain and strpss—set curves may be used to. derive.cor—
rected stress—strain curves representing thp variation ef
plastic strain with stress.

e - I o - o -

LB Curves show1ng variation of shear proof. strpsses
with prior plastic deformation often consist of oscilla—
tiors superposed on . s. gradual wavelike -meap curve.. These
oscillations genprally are . associated with. variatlons -in
the duratign of the rpst intprval and thp dpgree of . defor—
mation spacing.. L T W SO RN

4, The proof stresses rpprpspntlng thp pprmanent set
values of 0.01, 0.03, and-0.1 percent generally increase
continuously with prior plastic. dpformatlon, The 0,001— .
percent proof stresses and, in some cases, the .0, 003~ . .,
percent proof stresses do not increase or decrsase continu—_
ously but fluctuate and shown little general upward or .
downward-trend with deformation, These.oscillations gre ge&-
erally more pronounced for the- work— hardened ‘than’ for the
annealed alloy. . . - - - : :

5. The varlatlon of the Shear proof stress with prior
plastic deformation is affected.by: (a) macroscopic in—
ternal stress, which is caused by nonuniformity: of plastlc
deformation of different parts of the effective cross
se=ctionf (b) microstructural internal stress, which is
caused by initial differences in the resistance to plastic
deformation of -variously oriented grains of a polycrysial—
line aggregate and to differences in. strangth of .different
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microconstituents; and (c) space—lattice changes involwved
in work hardening; that ie, the work—hardenlng factor or
the lattlce—expansion factor.

-6, The’ varlatlon pf-the shear proof stresseées with
prior plastic deformation is affected by the rate of work
hardening and by the change of 1nternal stress, both
macroscoplc and microstructural. Work hardening tends to
increase the proof stress., Increase of internal stress
tends to decrease the procf stresses; especilally the
proof stresses that may be regarded as indices of elastic
strength (0.001— and 0,003-percent proof stress). The
lack of a significant rise of these lower proof—stresses
with prior plastic deformation probably 1s due to a gen— ,
eral. lncrease of internal stress, : T

7. Rest, following deformation, tends to lower the
proof stresses, especlally those representing the lower
values of set (0.001 and 0.003 percent). It 1s believed
that rest probably causes some decrease in hardness of
the metal.

8, Curves of variation of the secant modulus with
stress may be derived from corrected shear stress—strain
curves, The stress—modulus lines for the annealed alloy
frequently are curved. With progressive prior plastic
torsion the curvature of the shear stress—-modulus line
increases slowly, reaches a maximum after moderate plas—
tic' torsion, and then decreases. With prior plastic ex—
tension, however, the curvature of the tensille stress—
modulus line increases rapidly and then decreases; this
line becomes straight after moderate extension of the
alloy. The stress—modulus lines for the work—hardened
alloy in both shear and tension exhibit negligible ocur—
vature.

9., Linearity of the shear stress—modulus line 1ndi-
cates that the corresponding stress—strain line is a _
quadratic parabola. The curvature of such a parabola}
that 1s, the slope of the stress—modulus line, may be
measured by the linear stress.-coefficlent of the modulus.
The shear modulus at zero stresg may be obtalned by ex—
trapolating the stress—modulus line to zero stress,

10. When the shear stress—modulus line is curved
from the origin, a second constant, the guadratic stress
coefficlent of the shear modulus, 1s required to repre-—
" sent more adequately the curvature of the stress—modulus
line.  For some metals free fram the effects of cold ‘
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work, the linear stress coefficient is gzero, the quadratic
stress coefficlent has a positive value, and the stress—
strain line is a cubic parabola. When the stress—modulus
line is curved and not vertical at the origin, the stress—
strain line may be viewed either as & Superposition of a
cubic parabola on a quadratic parabola or as a parabola
with an pxponent between 2 and 3. o o
11. When the shear modulus at zers stress, its linear
and guadratic stress coefficients, @hd the shear proof
stresses have been derived, a fairly. complete description
of the elastlc properties of a metal 1n shear is available.

e

12, Because of the great directional varlatlon of the
modulus of elasticity of some metal ecr¥stals, a change in
orientation of the-grains of a polycrystalline aggregate
may greatly affect -the modulus—deformation curve. Anneal-—
ing may have a significant'influencé'on the crystal orien-—
tation and thus gffect the modulus of elasticity.

13. The curves of the shear modulus at zero stress
with prior plastic deformation for many metals are con-—
tinuously influenced by three important variables: crystal
orientation, internal stress, and lattice expansion, The

.curves..of varlation of the linear and quadratic stress
coefficients ;of . the modulus with plastic deformation are
cont1nuously influenced by the last two factors.' A change
in dominance ‘from-one factor to anotheér id accomnanled by
a .reversal .of: ‘the corresponding curve. The ‘effect of the

‘"reorientation factor on the 181: 8 chromium—nickel alloy is

not known, but 1t is not sufficient to become dominant in
any of the curves obtzined for this alloy. -

14, For the annealed alloy, the internal stress fac-—
tor is dominant in causing the slight initial rise ip the
curve of varlation of the shesar modulus at zera stress
with the first stages of deformation, beyond which the
lattice—expansion factor becomes continuously dominant in
causing a decrease qf the modulus. Tl

15, Dominance of the internal—-stress factor causes a
rise in both the linear and gquadratic straess coefficients
of the modulus during the initial stages of deformation
of the annealed glloy. Upon further deformation, the
lattice—expansion factor becomes domlinant and causes a

lowering of these indices. The range of prior deformation
within which the guadratic coefficient rises, however, is
somewhat greater in shear than it is in tension. The

internal—-stress factor 1s dominant over a greater range of
deformation in shear than in tension.
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16. An increase of internal stress tends to cause an
increase of the-linear stress coefficient of the mcdulus,
A decrease of. internal stress accompanying plastic exten—
sion or annealing tends to .cause a decrease of this coef-—
ficient.

17. Annealing the celd—-drawn alloy at about g00° F
for relief of-internal stress causes g significant in-—
crease in shear proof stresses, especlally those for
0.003— and 0.00l—-percent set.’ ' '

18. The shear modulus at zero stress for the cold-—
drawn alloy shows a general increase with increase of
annealing temperature at least up to 19009 F, This in-
crease is due to the decrease of work-hardening or
lattice—expansion effects. The shear modulus at zeraoa
stress, however, is almost constant for annealing tempera-—
tures over.the range 500° to 1100° F. 1In $this range bthe
effect of decreasing lattice exvansion with increagsing
annealing temperature is balanced by the effect of de-
creasing internal stress.

An investigation of the influence of plastic defor—
mation and of annealing on the torsional elastlic proper—
ties of a number of nonferrous metals is in progress. It
will be of interest to learn to what—eaxtent the conclusians
drawn relative to the influence of plastic deformation on
the tensile and torsional elastic properties of the 18 : 8
alloy may apply to these-other metals.

National Bureaun ofStandards,
Washington, D. CG., November 9, 1942.

NOTE:  The "measure! given on the illustrations is
' to be used for scaling the curves in order
to get close readings as desired.



10.

N&CA Technical Note Eo. 886 35
REFERENOES

McAdam, D. J., Jr., and Mebs, R, W,: Tensile Elastic
Properties of 18 : 8 Chromium-~Nickel Steel as Af— .
fected by Plastic Deformation. Rep. No. 670, FWACA,
1939, i

McAdam, D, J., Jr., and Hebs, R, W.: Tensile EBlastic
Properties of Typical Stainless Steels and ¥onfer—
rous Metals as Affected by Plastic Deformation and
by Heat Treatment. Rep. No. 696, NACA, 1940,

Mebs, R. W,, and McAdawm, D. J,, Jr.: The Tenslle
Elagstic Properties gt Low Temperatures of 18 : 8
Cr—-Ni Steel as Affected by Heat Treatment and Slight
Plastic Deformation., T.,N. No. 818, NACA, 1941,

McAdam, Dunlap J., Jr.,, and Mebs, Russell W.: Tensile
Elastic Properties of Nickel, Copper, Open—Hearth
Iron and Typical Steels. Res. Paper RP1459, Nat.
Bur. Standards Jour. Res., vol, 28, no. 3, March
1942, pp. 311-378,

Tuckerman, L. B. Optical Strain Gages and Extensomebers.
A.S.T M, Proc., vol, 23, pt. II, 1923, pp. 602-610,

Stang, Ambrose H., Ramberg, Walter,. and Back, Goldie:
Torsion Tests of Tubes. Rep. No. 601, RACA, 1937,

Heyn, E., and Bauer,‘O.: Uber Spannungen in Kaltgereck-—
ten Metallen. Int. Zeit, f. Metallographie, Bd. 1,
1911, pp. 16-50, -

Hasing, G.: Zur Heyn'schen Theorie der Verfestigung
der Metalle durch verborgene elastische Spannungen.
Wiss. Veroff a,d. Siemens-Xonz~rn, Bd, 3, Heft 1,
May 15, 1923, pp. 231-239.

Smith, 8. L., and Wood, W, A.,: A Stress—Strain Curve S
for the Atomic thtice of Iron. Proc. Roy. Soc.
(London), ser. A, vol. 178, no. A 972, May 9, 1941,
PP, 93-106. ' ’ )

Nadai, A.: Plasticity. McGraw—Hill Book Co., Inc.,

1931,



36 .NACA Technical Note No. 886

TABLE I.— CHEMICAL COMPOSITION OF 18 ¢ 8 CHROMIUM-NICKEL STEEL

"MECHANICAL TREATMENTS OF

Grade of hardness|Designation| Carbon Chromium Nickel
" as recelved S (percernt )} (percent) | (percent)
Annealed = . - . TAC 0.06 - 18,5 10.4
Half-hard TB . 06 18.5 10.4
Hara TC .07 18,5 10.4
TABLE II.- DETAILS'OF THERMAL AND

18: 8 CHROMIUM-NICKEL STEEL

Grede of ‘|Specimen ' |{Annealing|Time  held _ _ |Hechanical treatment
hardnese, |designa- |tempera— | (hr) - Cooled in|following heat treat-
as received|tion¥ ture c o - Laent
(deg ¥}
Annealed TA — e Ag received|
Helf-hard [TB: teimm e | A8 Teceived
Tc ) e ———— .'A-S_ r-ecei‘qed
TC_3. ' -300 . - .
TC-H - 500
TC-T.. 700 . Air, .
GG, 300 ) R LR
TC-11" 1100
TC-13. 1300 Water
- i 1
Hard T¢-~19 B ' 7 ~
TC-19R-0.5 1 “Bxtendéd O. 5 percent
TC-19R-~1 Extended 1.0 verceat
TC-1GR-2 1. . : " ‘Bxtended 2.0 percent
T¢-19R-3 ;13900 > . *Water<: ] Extended 3.0 percent
TC—~19R=5 . ' o ) Extended 5.0 percont
TC-~19R-10 T ' "Extended 10.0 percent
T0-198-20 |~ . b | | Extended20.0 percent

*In the gpecimon designation the nunber. follow1ng the initial dash indlrates
the ‘annealing tomporaturc in hundreds. The lotter R following thie number
indicates that the svecimon has boen reduced furthor by exteusion; the amount
of extension in percent ie-dosignated by the mumber following the second dash.
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TABLE III.~ TORSIONAL PROPERTIES FOR 18 : § CHROMIUM-NICKEL STEEL

Initial shear proof stress (1b/sq in.) hlaszzgfficionts
Grzade of |BSpecimen L : ' .
hardness |designation
as 0.1~ 0.03- |0.01- |0.003 |0.001- {Initial |Initial
received percent|percent|percent|percent|percent| shear linear
proof Iproof |proof |[proof proof |modulus stross
set set set set sot at zoro cooffi-
stress, ciont of
CO the
(1v/ shear
sq in.) [modulus,
v
' [o]
Annoaled |TA 23,000 {19,700 {16,300 |1ik,700 {10,000 11.42x10°| O
Half-hard|{TB 53,500 |47,900 |37,000 {29,000 21,000 11.06x10° 13.9x10° .
TC 66,900 {55,000 {43,200 {30,200 |11,000 |10.54x10%| ©
Hord £6-3 69,100 {53,000 {49,300 |39,600 |29,000 [10.82 | 3,9x10~"
T0-5 72,200 {62,100 {53,200 |4&%,500 |29,000 [10.97 4.u
TC-7 73,000 {63,000 {55,000 {46,900 |40,500 |10.98 3.6
TC-9 73,320 | 63,800 {56,200 {L8,100 |37,500 {11.03 3.6
TC-11 68,200 {59,700 |52,600 {44,500 |28,000 |11.0 0
TC-13 54,300 {46,100 {33,200 {20,000 {10,500 {11,07 3.4
TC-19 13,700 {10,600 | 7,700 | 5,400 | 4,400 {11.30 0
TC-19R~0.5 |16,600 14,200 |10,500 | 4,500 | 2,600 {11.11 0.
PC-19R~1.0 }18,200 {16,000 {11,900 | 7,200 | 4,200 {11.07 0
PC-19R~2.0 |21,000 {17,000 (12,600 }| 8,000 | 5,000 {1l.24 0
TC-19R<3.,0 |23,300 |18,800 [13,700 | 7,500 | 4,300 |11.01 0
TC-19R-5,0 |25,900 |20,800 |ik,700 { 9,500 | 7,000 |10.97 41,0
PC-~19R-10,0 | 32,500 |24%,800 [16,600 {10,000 | 7,200 |10.80 0
TC-19R~20.0 | 42,000 | 28,400 }18,400 {11,700 | 9,100 |10.53 0
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Figure 2.- Optical torsion mefer,
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